The biting midge Culicoides sonorensis Wirth and Jones is the principal vector of bluetongue virus (BTV; Tabachnick 1996) and epizootic hemorrhagic disease virus (EHDV; Foster et al. 1977) in North America. These viruses can cause haemorrhagic disease in wild and domestic ruminants and are of signiÞcant concern to livestock producers. Laboratory studies have demonstrated that C. sonorensis is also a competent vector of Schmallenberg virus (Veronesi et al. 2013 ), a recently emerged pathogen of sheep in Europe that is not yet present in North America.
Transmission of BTV in North America occurs primarily in the southern and western United States and decreases in a northerly and easterly direction (Metcalf et al. 1981) . The absence of transmission in the north-eastern United States is usually attributed to the lack of a competent vector (Holbrook et al. 1996) . Serological surveys in midwestern states indicate reduced transmission with increasing latitude (Green et al. 2005 , Boyer et al. 2007 , and a lack of transmission in some areas where C. sonorensis is present (Schmidtmann et al. 2011) . Canada remains largely free of BTV with occasional incursions into the Okanagan Valley of British Columbia (Pare et al. 2012) . BTV has never been detected in Alberta despite the presence of C. sonorensis in feedlots in southern regions (Lysyk 2006 (Lysyk , 2007 . Sporadic outbreaks have occurred along the northern edges of the diseaseÕs distribution in the United States, including northern Wyoming (Thorne et al. 1988) and Montana (Miller et al. 2010 ). This latter outbreak occurred within 300 km of the Canadian border during a warm year (2007) and together with the recent outbreak in northern Europe, indicates there is potential for this virus to expand northward into areas where C. sonorensis is present.
EHDV occurs in the southÐ eastern United States, and extends northwest through Missouri, Nebraska, the Dakotas, and eastern Montana as well as in western California and Oregon (Nettles et al. 1992) . Outbreaks associated with deer mortality have been recorded in southern Alberta as early as 1962 (Chalmers et al. 1964) and as recently as 2013 (http://www.healthywildlife.ca/ wp-content/uploads/2013/11/EHD-in-Alberta-2013.pdf). Outbreaks have also occurred in southÐ central British Columbia (Dulac et al. 1989 , Shapiro et al. 1991 .
The potential geographic distribution of an arthropod-borne pathogen is determined by the presence of a competent vector species. The realized distribution of a pathogen is further deÞned by a variety of factors that contribute to vectorial capacity. As these factors change, the realized distribution of a pathogen can expand to Þll the area deÞned by the presence of the vector species. Climate change may have its greatest effect on arthropod-borne pathogen transmission at the edge of vector and pathogen distributions (Kilpatrick and Randolph 2012) . Understanding the geographic limits of a vector species allows determining the potential range of a pathogen and is fundamental to assessing risk. The northern limits of C. sonorensis are currently unknown as relatively few studies have examined geographic patterns of C. sonorensis in North America. Holbrook and Yeager (1990) examined patterns of abundance in Wyoming and Schmidtmann et al. (2011) reported on the presence and absence of C. sonorensis in Nebraska, South Dakota, and North Dakota. C. sonorensis was reported in Alberta as early as 1955 (as Culicodes variipennis albertensis; Wirth and Jones 1957) but studies on its distribution and abundance in Alberta have solely focused on cattle feedlots within 60 km of Lethbridge, AB, Canada (Lysyk 2006 (Lysyk , 2007 . Given the importance of animal agriculture to the local economy, and concern about the potential expansion of BTV and EHDV in Alberta, the current study was conducted to examine variation in the abundance of C. sonorensis across a wider range of locations in Alberta. This was accomplished by sampling C. sonorensis with blacklight traps at a broader variety of locations in Alberta compared with our earlier studies (Lysyk 2006 (Lysyk , 2007 . We used these new data, plus our previously published information, to establish the relationship between mean annual abundance and the proportion of samples positive for C. sonorensis, and then developed a logistic regression model that can be used to predict the abundance and distribution of C. sonorensis in the province.
Materials and Methods
In this study, we collected new data consisting of weekly samples collected at various locations throughout Alberta during 2009 Ð2012. We also collected supplemental data at nine sites during 2011 and 2012. These were sampled less frequently than the weekly samples. For model development, we included previous data collected during less extensive surveys conducted between 2002 and 2006 (Lysyk 2006 (Lysyk , 2007 .
Culicoides Sampling. Culicoides were sampled using blacklight traps (J. W. Hock Inc., Gainesville, FL) suspended 1 m above the ground (Lysyk 2006 (Lysyk , 2007 near shallow water bodies at rangeland sites in various ecological subregions of Alberta (i.e., areas that reßect particular combinations of vegetation, climate, and other geographic factors as listed by Downing and Pettapiece 2006) . Traps were operated continuously throughout the summer and insects were collected in propylene glycol. Traps were operated for 1 wk and then emptied, the contents returned to the laboratory, examined, and the number of male and female C. sonorensis recorded. Representatives were mounted on slides and their identity conÞrmed using the key by Holbrook et al. (2000) .
Weekly Samples. Eight traps were deployed in 2009 and covered an area that spanned Ϸ430 km in a northÐ south direction and 130 km in an eastÐwest direction (Fig. 1) . Traps at locations A and B were positioned within 35 m of each other in the Dry Mixedgrass subregion (Downing and Pettapiece 2006) and sampled between 13 May and 6 October. Traps at locations C and D were separated by 230 m in the Dry Mixedgrass subregion and sampled between 12 May and 5 October. Traps at locations EÐH were located in the Central Parkland subregion and sampled weekly between 12 May and 30 September. Locations E and F were separated by 600 m and G and H by 800 m. Elevation of the sample locations ranged from Ϸ700 Ð 960 m.
Traps were operated only in the Dry Mixedgrass subregion during 2010 Ð2012 as C. sonorensis was not captured in the Central Parkland subregion. Traps at locations A, C, and D were retained, and seven additional traps were placed at locations I through O (Fig.  1) . The area sampled covered a rectangular area that spanned Ϸ240 km in a northÐsouth direction and 120 km in an eastÐwest direction (Fig. 1) (Lysyk 2006 (Lysyk , 2007 The number of females captured per trap per week was transformed to ln(x ϩ 0.5) and used in an analysis of variance to determine if mean annual captures varied among locations. Data collected in 2009 were analyzed separately because 50% of the trap locations were sampled only during that year. Data were analyzed for differences among trap locations using an autoregressive covariance structure and the KenwardÐRoger method for calculating error degrees of freedom (PROC MIXED, SAS Institute 2010). Data collected during 2010 Ð2012 were analyzed using location and year as main effects and interaction, also with an autoregressive covariance structure and the KenwardÐRoger method for calculating error degrees of freedom (PROC MIXED, SAS Institute 2010).
Supplemental Sampling. Supplemental sampling was conducted in 2011 and 2012 at locations P through X for two 1-wk periods beginning 19 July and 2 August 2011 and 26 July and 16 August 2012. The area sampled was roughly triangular and spanned 150 km northÐ south and 260 km eastÐwest. Location P was located in the Foothills Fescue subregion, location Q in the Foothills Parkland subregions, location R in the Dry Mixedwood subregion, location S in the Central Parkland subregion, locations T, U, V, W in the Northern Fescue subregions, and location X in the Dry Mixedgrass region. Elevation ranged from Ϸ1,100 Ð1,360 m at locations P, Q, and R, and from Ϸ750 Ð 870 m at locations S, T, U, V, W, and X. Previous Data. model development included data collected during previous surveys. These data were obtained using similar sampling methods across a more narrow range of locations (Fig. 1A , aÐ g) as described previously (Lysyk 2006 (Lysyk , 2007 . Locations A and g were located in the Dry Mixedgrass subregion while the remaining locations were located in the Mixedgrass subregion. Sites A through g were sampled during 2002Ð2004, and site A was further sampled during 2005 and 2006. Elevation ranged from 790 to 960 m.
Relationship Between Abundance and the Proportion Positive Samples. Data from the weekly samples (2009 Ð2012) and the previous study (2002Ð2006) were used to determine if the proportion of samples that were positive during a season was related to the mean annual abundance at the site. Weekly samples were recorded as positive if at least one C. sonorensis was captured and negative if none were captured. Positive samples were assigned a value Y ϭ 1 and negative samples were assigned a value Y ϭ 0. Mean annual abundance (mean of the number of female C. sonorensis captured per trap per week) was calculated and transformed to X ϭ ln(mean annual abundance ϩ 0.02). The relationship between the proportion positive samples and mean annual abundance was determined using logistic regression of the form P(Y ϭ 1) ϭ 1/(1ϩexp(Ϫ(a ϩ bX))). Separate models were Þt for the 2009 Ð2012 and 2002Ð2006 samples, and differences among the models for the two datasets tested based on the deviance between a reduced model (common slopes and intercepts for each dataset) and a full model (difference slopes and intercepts for each dataset; Woodward 2005) .
Model Development. Logistic regression was used to examine the relationship between the proportion of positive samples and three sets of external variables. The Þrst set were spatial variables that included ϭ latitude (ЊN/10) and ϭ longitude (ЊW/10) of the trap location, as well as the interaction between the two variables. The second set were bioclimatic variables obtained from www.worldclim.org that included Bio 10 , the average temperature (ЊC/10) during the warmest quarter in the period 1950 Ð2000 and Bio 18, the mean precipitation (mm/10) during the warmest quarter in the period 1950 Ð2000 (Hijmans et al. 2005) . The third set were local weather variables derived from the weather station (Environment Canada or Alberta Agriculture Food and Rural Development AgroClimatic Information Service) nearest the trap. Daily temperature maxima and minima were used to calculate , the mean daily temperature (ЊC/10) during the sample interval, and P2Q,precipitation (mm/ 100) during the second quarter of the sample year. Pearson correlations (PROC CORR, SAS Institute Inc. 2010) were used to examine relationships among the variables in each variable set.
Logistic regression models were developed for each single-variable set, each two-variable set pair, and all variable sets. Weekly samples from the 2009 Ð2012 data (excluding supplemental samples during 2011 and 2012) and 2002Ð2006 data were coded as Y ϭ 1 if C. sonorensis was captured or Y ϭ 0 if C. sonorensis was not captured. Logistic models assuming an autoregressive error structure for each siteÐyear location were Þt to each of the spatial, climatic, and weather variable sets using generalized estimating equations (PROC GENMOD, SAS Institute Inc. 2010). These models were designated as model(S), model(C), and model(W), respectively. Models were then developed for each pair of variable sets and designated as model(SC), model(SW), and model(CW). Finally, the three variable-set model, model(SCW) was Þt. Models were compared based on QICu, the quasi-likelihood independence criterion that is appropriate for models that incorporate repeated measures (Pan 2001) .
Model Evaluation. The Þrst step in model evaluation was to develop a validation dataset for each model. Approaches for this include partitioning data into model development and evaluation datasets, or comparison with a fully independent set (Fielding and Bell 1997) . We chose to partition the existing data given the expense of collecting fully independent data. We did not split the data to avoid reducing the information used to develop the Þnal models. Selecting a subset of the data could introduce biases as the earlier studies had limited geographic range (Lysyk 2006 (Lysyk , 2007 . Therefore, we used jackknife resampling (Verbyla and Litvaitis 1989) as this method allows more precision compared with other partitioning methods. This was accomplished by deleting data for one trapÐyear, Þtting each model to the remaining data, making predictions for the deleted trapÐyear, and repeating the procedure for all trapÐyear combi-nations. Predictions were also made for sites P through X, even though data for these were never used in estimating any of the models.
Model evaluation was conducted following methods outlined by Pearce and Ferrier (2000) applied to the validation data. A similar approach was used by Calvete et al. (2008) for Culicoides imicola (Kieffer) and Culicoides obsoletus (Meigen) in Spain. Model calibration, the degree of agreement between observed and predicted values, was examined using calibration plots, tests for systematic bias, and estimates of residual deviance. The validation data for each model was divided into 15 classes based on the predicted values. An attempt was made to include 100 predicted values in each class except for the highest class. Equal predicted values were kept in the same class so that the limits of each class did not overlap. As a result, class size ranged from 63 to 135 predicted values (75% ranged from 91 to 104), except for the Þnal class that ranged from 17 to 38 observations. The observed and predicted proportion positive were calculated for each class and plotted. The relationship between the observed data and model predictions was Þt to the model logit(Y i ) ϭ a ϩ bln(p i /(1 Ϫ p i )) using logistic regression where Y i ϭ the observed value and p i is the predicted value. The deviance of this model was designated L(a,b). Deviance of the observed from predicted values, LL(0,1), was calculated for a model that assumed a ϭ 0 and b ϭ 1 (no bias). A measure of overall systematic bias was calculated as LL(0,1) Ϫ LL(a,b) and compared against chi-square with 2 df. This tests if the overall relationship between predicted and observed departs from equality (a ϭ 0 and b ϭ 1). If signiÞcant, further tests were conducted to determine if lack of calibration was due to consistent bias (a 0) or spread (b 1) (Pearce and Ferrier 2000) . LL(0,1) was compared cross models as a measure of residual error.
Each modelsÕ ability to discriminate between positive and negative samples was examined using receiver operating characteristic curves. These are plots of sensitivity (proportion of predicted positives that are true positives) against the false positive rate (1 Ϫ speciÞcity, or the proportion of predicted negatives that are false positives) calculated for each predicted value. The area under the curve (AUC) was calculated for each model and used to indicate the probability that a positive site has a predicted value greater than a negative site (Zweig and Campbell 1993) .
Results

Variation in Abundance.
Mean annual abundance of C. sonorensis varied among locations in 2009 (F ϭ 12.5; df ϭ 7, 15.2; P Ͻ 0.0001) and was greatest at locations B and A followed by locations D and C, within the Dry Mixedgrass subregion (Table 1) . Mean annual abundance at locations A and B ranged from 22-to Ͼ1,000-fold greater than at locations C and D. Maximum capture had Ͼ700-fold variation across positive sites. No C. sonorensis were collected at locations E through H during the 20 wk that traps were operated within the Central Parkland subregion. Mean annual abundance varied among locations during 2010 Ð2012 (F ϭ 20.5; df ϭ 9, 74.3; P Ͻ 0.0001) with no signiÞcant locationÐyear interaction (F ϭ 1.0; df ϭ 18, 74.2; P ϭ 0.50), indicating that relative captures among locations were consistent among years. Abundance was greatest at trap A each year and mean annual abundance was from 6.4-to 19.6-fold greater than that at the sites with the second greatest abundance. Mean annual abundance was second greatest at trap J, L, and No C. sonorensis were captured at locations P through X during the two separate weeks sampled at each location during both 2011 and 2012. Trapping conditions were conducive to collecting C. sonorensis. Sampling began in 2011 when accumulated degreeÐ days ranged from 800 to 955 (mean Ϯ SD ϭ 890 Ϯ 63) during the Þrst sample week and from 968 to 1144 (mean Ϯ SD ϭ 1072 Ϯ 72) during the second sample week in 2011. Mean temperatures during the sample intervals ranged from 13.2 to 16.4ЊC (mean Ϯ SD ϭ 14.9 Ϯ 1.2) and from 15.1 to 17.7ЊC (mean Ϯ SD ϭ 16.1 Ϯ 0.8) during the Þrst and second sample week, respectively, in 2011. In 2012, sampling began when accumulated degreeÐ days ranged from 1,010 to 1,210 (mean Ϯ SD ϭ 1,128 Ϯ 69) and 1,290 Ð1,552 (mean Ϯ SD ϭ 1,444 Ϯ 87) during the Þrst and second sample intervals, and mean temperatures ranged from 15.7 to 19.4ЊC (mean Ϯ SD ϭ 18.0 Ϯ 1.1) and from 15.8 to 18.9ЊC (mean Ϯ SD ϭ 17.4 Ϯ 1.1). The timing corresponded roughly with the expected second and third population peaks previously seen for C. sonorensis in southern Alberta (Lysyk 2007) . Traps at location A were positive on three of the four sampling occasions that corresponded with the timing of samples at locations P through X.
In total, 61% (22 of 34) of trapÐyears in the Dry Mixedgrass region were positive for C. sonorensis at least once during the sample year, and 24.5% (157 of 642) of the weekly samples were positive. In contrast, 0% of the twenty traps located in other natural subregions (Northern Fescue, Foothills Fescue, Central Parkland, Foothills Parkland, and Dry Mixedwood) were positive in a total of 110 weekly samples.
Data collected during 2002Ð2004 were described previously (Lysyk 2006) . No C. sonorensis were col- Relationship Between Abundance and Proportion Positive Samples. The proportion of weekly samples that were positive during the year was related to mean annual abundance of C. sonorensis (Fig. 2) . Logistic regression Þt the model well, with signiÞcant parameters for the overall model and for each dataset ( Table  2 ). The models indicate that the proportion positive samples reached an upper asymptote of Ϸ0.7Ð 0.9 when mean annual capture reached 10 females per trap per week. The relationship varied between data collected during 2009 Ð2012 and that collected during 2002Ð2004 ( 2 ϭ 9.4; df ϭ 2; P Ͻ 0.001). Differences between the curves ranged from 0.05 to 0.11 when mean annual abundance ranged between 1.6 and 181 females per trap per week.
Model Development. The weather variables were largely independent of the geographic coordinates and the 50 yr bioclimatic variables Bio 10 and Bio 18 (Table 3 ). The bioclimatic variables were more strongly correlated with the geographic coordinates. Bio 10 tended to decrease as latitude increased and ranged from 17.7ЊC at latitudes near 49Њ N to 15.5ЊC at latitudes near 53Њ N. Bio 10 increased as longitude in- Relationship is Y, 1/(1ϩexp(Ϫ(␤ 0 ϩ ␤ 1 X))); Y, the proportion of positive samples; and X, mean annual abundance ln(females per trap per week ϩ 0.02) at each site and ␤ 0 and ␤ 1 are estimated parameters. , latitude (ЊN/10); , longitude (ЊW/10); Bio 10 , avg temp (ЊC/10) during warmest quarter during 1950 Ð2000; Bio 18 , mean precipitation (mm/10) during the warmest quarter during 1950 Ð2000; , mean daily temp (ЊC/10) during the sample interval; P2Q, precipitation (mm/ 100) during the second quarter of the sample year. All correlations were signiÞcant at P Ͻ 0.05 except when indicated by ns. creased in an easterly direction, and ranged from 13.2ЊC at Ϫ114.6Њ W to 17.7ЊC at Ϫ110.5Њ W. Bio 18 increased with latitude and ranged from 127 mm at latitudes near 49Њ N to 215 mm at 53Њ N. Bio 18 decreased as longitude increased in an easterly direction, and ranged from 222 mm at Ϫ114.6Њ W to 143 mm at Ϫ110.5Њ W. Bio 10 and Bio 18 were strongly negatively correlated consistent with the co-occurrence of areas of hot and dry climate in the area.
Logistic regression models contained 716 observations from sites A to N and 785 observations from a to g. All parameters in model(S) and model(C) had P Ͻ 0.05 (Table 4) . The model(W) parameter for had P Ͻ 0.05, while parameters for 2 and P2Q had P Ͻ 0.07 and 0.92, respectively (Table 4 ). QICu for model(S) was the least for the three single-variable family models, followed by QICu for model(C) and model(W). Combining two variable families resulted in models that had lower QICu than any of the single-variable family models. Model(SC) had reduced QICu relative to both parent models; however, the parameters for the geographic variables all had P Ͼ 0.30 (Table 4) . Model(SW) had the lowest QICu among the two variable set models. Parameters for and 2 had P Ͻ 0.05, while the parameter for P2Q had P ϭ 0.14. Model(CW) had the greatest QICu of the two variable set models, and the parameter for P2Q had P ϭ 0.85. Model(SCW) had the lowest QICu and all parameters had P Յ 0.07.
Model Evaluation. Representative model output for three sites during 2011 is shown in Fig. 3 . Model(S), model(C), and model(SC) predict a constant proportion of positive samples for each site with no variation among years. The predicted proportion tended to decrease in a northerly direction. Model(W) allowed incorporating seasonality into the predictions; however, the seasonal pattern of predictions showed little variation among sites. Model (SW), model(CW), and model(SCW) allowed seasonal variation in abundance to be included in the models while also allowing for spatial variation in abundance.
Calibration plots (Fig. 4) indicate that the singlevariable family models had lower maximum predicted values than the two-variable family models. Table 5 . The two-variable family models had lower LL(0,1) compared with the single-variable family models, and model(SCW) had the lowest LL(0,1) of all.
The ROC curve for model(SCW) was typically above and to the left of the curves for the other models (Fig. 5) except for a small point of intersection with the curves for model(S), model(C), and model(SC) when the false positive rate ranged from 0.08 to 0.12. The AUC for model(SCW) was greater than for all other models and indicates that a randomly selected observation from the positive samples has an 87% chance of having a greater predicted value than a randomly selected observation from negative samples. Model(SW) had the second greatest AUC, and its ROC curve was greater than that of model(S), model(C), and model(SC) except when the false positive rate ranged from 0.08 to 0.19. Model(S), model(C), and model(SC) had similar AUC and similar shapes with a steep increase in sensitivity, while the false positive rate was Ͻ0.12, and a more gradual increase when the false positive rate was Ͼ0.12. The AUC for model(CW) was similar to that of model(S), model(C), and model(SC), but the shape of the curve was different and intersected the curves for model(S), model(C), and model(SC) at the false positive rate ϭ 0.22 with greater sensitivity above this level. Model(W) had the lowest AUC and the ROC curve was consistently lower than all other curves. ␤ 0 , intercept; , latitude (ЊN/10); , longitude (ЊW/10); Bio 10 , average temp (ЊC/10) during warmest quarter during 1950 Ð2000; Bio 18 , mean precipitation (mm/10) during the warmest quarter during 1950 Ð2000; , mean daily temp (ЊC/10) during the sample interval; P2Q, precipitation (mm/100) during the second quarter of the sample year. All nonintercept parameters were signiÞcantly Ͼ 0 at (P Ͻ 0.05) except for those indicated by * (P Ͻ 0.15) and ns (P Ͼ 0.15).
Effect of Variables.
The proportion of positive samples declined in a northerly direction with latitude, and was zero north of 51Њ 17Ј N (Fig. 6A) . The proportion of positive samples at a given latitude was greater in the west compared with the east. However, the interaction between latitude and longitude indicated that changes with latitude were not consistent among longitudes (Fig. 6B) . The likelihood of samples being positive for C. sonorensis decreased as longitude increased in an easterly direction; however, likelihood was lower at greater latitudes or when the climate in an area was too cool (Fig. 6B) such as in the far western longitudes. This interaction was partly responsible for the diagonal that delineates its presence in southern Alberta (Fig. 1) .
The proportion of positive samples was positively inßuenced by both Bio 10 and Bio 18 . C. sonorensis was absent from sites with Bio 10 Յ 16ЊC and increased as Bio 10 increased (Fig. 6C) . The proportion positive also tended to increase more quickly when Bio 18 increased (Fig. 6C) . Bio 18 ranged from 127 to 230 mm during the warmest quarter. The proportion of positive samples was also modiÞed by local weather during each year and increased with temperature during the trap period. Increasing spring precipitation during the sample year reduced the proportion of positive samples (Fig.  6D ). P2Q ranged from 54 to 350 mm across all siteyears.
Discussion
The abundance of C. sonorensis varied greatly among sites sampled during 2009 and 2010 Ð2012. Levels of variation were similar to that recorded in Wyoming (Holbrook and Yeager 1990) . Abundance was greatest at site A, similar to previous observations Fig. 3 . Observed presence (black circles) and predicted proportion of positive samples using various logistic regression models at sites M, J, and A (northÐsouth) during 2011. (Lysyk 2006 (Lysyk , 2007 . This particular location has consistently produced the greatest numbers of C. sonorensis compared with other sites. The higher abundance at site A was previously attributed to its location in rangeland rather than feedlots (Lysyk 2007) . However, the current site focused on rangeland locations only, suggesting something other than the cattle management system affects abundance. The ecological subregions may have some role to play as positive locations occurred exclusively in Dry Mixedgrass and Mixedgrass subregions. However, a large number of sites within the Dry Mixedgrass region sampled during 2010 Ð2012 had very low abundance and only three locations were positive every year of the study. The Dry Mixedgrass subregion is contiguous with the Northwestern Glaciated Plains Level III ecoregion of the United States, an area with observed low prevalence of C. sonorensis (Schmidtmann et al. 2011) . Failure to capture C. sonorensis at sites PÐX was likely because of its scarcity in the areas rather than inappropriate sampling conditions as the timing and temperatures during the sample intervals were permissive for collecting C. sonorensis.
The proportion of samples positive at a site was related to mean abundance as has previously been observed for C. imicola (Baylis et al. 1997) and in other studies of biting ßies (Lysyk 2010) . This extends the interpretation of the proportion of positive samples to include not only the likelihood of Þnding Culicoides in an area, but also as a measure of its abundance at a site when repeated samples are taken. The proportion of positive samples also reßects seasonal activity as calculation is based on the number of weeks C. sonorensis was detected during the sample period. The curvilinear nature of the relationship tends to emphasize low levels of abundance so it is a useful index when observations are made at low densities at the edge of the species range or where variation in abundance is extreme. Annual variation in the proportion of positive sites and positive samples was more pronounced in the current study compared with our earlier study (Lysyk 2006) , and we also observed differences between studies in the proportion positive samplesÐabundance relationship. Sampling was spread over a much wider geographic area in the current study, and covered more areas with low abundance. Differences in the relationship between the studies may further reßect local conditions, such as habitat, as the previous study focused mainly on feedlots. Differences between the relationships were likely not an artifact of differences in sample size between the current and previous study. Sample sizes averaged 21.8 (range ϭ 18 Ð25) during 2002Ð2006 and 18.8 (range ϭ 16 Ð21) during 2009 Ð2012. The effect of differences in sample size on the calculated proportion of positive samples is 1/n 1 Ϫ 1/n 2 which equaled 0.007 if the mean sample sizes were substituted for n 1 and n 2 and equaled 0.023 if the minimum and maximum were substituted. These values are well below the estimated 0.05Ð 0.11 differences between curves.
Using the proportion of positive samples as a surrogate for abundance also justiÞes the use of logistic regression, as this method uses input in the form of binary variables to calculate a predicted proportion given a set of explanatory variables. Because the input data are represented by 0s and 1s, logistic regression addresses some issues associated with trapping data, such as accounting for large variations in abundance and frequent zero counts (Cohnstaedt et al. 2012 , Scolamacchia et al. 2013 . Further, the entire data series for each trap can be used in the analysis rather than just a single summary variable for each location.
The weather variables were largely independent of spatial location and climate, even though the climate variables indicated that warmer and drier conditions increased in a southeasterly direction. Weather variables varied greatly within each site on an annual basis due to seasonal ßuctuations. The difference between the maximum and minimum weekly temperatures ranged from as little as 2.3ЊC at sites sampled twice yearly to as great as 21.2ЊC at sites sampled more frequently. The differences between maximum and minimum P2Q varied from as little as 8 mm to as great as 219 mm across years at a single site.
The variable selection and model evaluation procedures indicated that model Þt and predictability improved in a hierarchical fashion, with the spatial variables providing the best Þt of the single-variable set models; the spatial and weather variables providing the best Þt for the two-variable set models; and the spatial, weather, and bioclimatic variables providing the best Þt of all models as it had the lowest QICu of the Þtted models and the least residual variation in the calibration analysis.
Model(S), which contained only the spatial variable set, had only a slight advantage over model(C) because of the correlation between the two sets of variables. Combining the spatial and bioclimatic variables into model(SC) did little to improve the discriminatory ability of either single-variable model and reduce residual error, again likely because of the correlation between variables in the two sets. Both variable sets The tests for systematic bias, bias (a ϭ 0), and spread (b ϭ 1) are described in Pearce and Ferrier (2000) . lack seasonal variation and predicted a constant proportion of positive samples at any site. Although the weather variables alone provided the poorest Þt of the variable sets, adding weather to the spatial variables resulted in the inclusion of seasonal variation in model predictions and extended the maximum of the predicted proportion of positive samples. Model(SW) had clear advantages over the other two variable set models in terms of Þt and lack of bias. Model(SCW) was the best overall model despite the collinearly between the spatial and bioclimatic variables. This collinearity between the bioclimatic variables and longitude was weaker than that between the bioclimatic variables and latitude. This shows up in model(SCW) predictions where a low proportion of positive samples was associated with the cooler climates occurring at the more western longitudes.
The effects of these variables in model(SCW) are consistent with expectations for C. sonorensis. They indicate a cline in abundance that decreases in a northwesterly direction, and establishes an upper limit for C. sonorensis in Alberta as a diagonal line spanning from Ϸ49Њ 30Ј N, 113Њ 0Ј W to 51Њ24Ј N, 110Њ 40Ј W (Fig.  1) . Model predictions ranged from 0 to 0.04 for sites PÐX. These sites were not used in model development, and the model predictions and failure to capture C. sonorensis are consistent with the interpretation that these sites are above the northern limit in Alberta. The model suggests that spatial and bioclimatic variables act to set the overall suitability of the area for C. sonorensis, and that seasonal ßuctuations are determined by local temperature and precipitation (Lysyk 2007) . Annual variation in weather can also help explain why sites are positive in some years and negative in others (Murray and Nix 1987) . The spatial and bioclimatic variables indicate C. sonorensis tends to occur in areas that are overall warmer and moister during the summer months. These conditions likely producing areas of habitat with increased evapotranspiration and soil salinity that favor development of C. sonorensis (Schmidtmann et al. 2011 ). The negative relationship with spring precipitation may be a result of early ßooding causing larval mortality because of increased water depth in developmental sites (Mullens and Rodriguez 1988) . We had noted earlier that abundance of C. sonorensis can be reduced during years of high spring rainfall (Lysyk 2006) .
The variables used in our model are not a comprehensive list of ecological factors that inßuence the distribution and abundance of C. sonorensis. Soil chemistry and other breeding site characteristics (Mullens and Rodriguez 1988) , including habitat type (Schmidtmann et al. 1983) , can inßuence larval presence and abundance of C. sonorensis and closely related species. Other studies have used a variety of weather, topographic, soil, and vegetative factors to describe geographic patterns of abundance of other Culicoides species (Baylis et al. 1998 (Baylis et al. , 1999 Wittmann et al. 2001; Purse et al. 2004 Purse et al. , 2012 Calvete et al. 2008; Acevedo et al. 2010; Scolamacchia et al. 2013) . These types of variables could be considered in developing distribution maps for C. sonorensis over broader areas in North America. Results of the current study provide a description of geographic changes in abundance in Alberta, and also a means for predicting abundance. Application to broader areas will no doubt require consideration of a wider range of variables.
Information collected in this study will be useful as a component for developing risk assessments for Culicoides-transmitted diseases in Alberta. Although the presence of a vector is a prerequisite for transmission of an arthropod borne disease, vector presence does not guarantee transmission (Randolph and Rogers 2010) , particularly for BTV (Green et al. 2005) as its transmission potential is strongly inßuenced by climate (Mullens et al. 2004) . C. sonorensis is present in Alberta, currently above the northern limit of BTV transmission in North America. Although transmission is currently not an issue in Alberta, climate change may alter this as the effects of climate change are likely to be greatest at the edges of species and disease distributions (Kilpatrick and Randolph 2012) . Information on the current distribution and abundance of C. sonorensis will allow evaluation of future changes in distribution.
